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Abstract 
An absorption and desorption rig has been built at Telemark University College. The absorption column 
has a structured packing height of 1500 mm, a total height of 2500 mm and an inner diameter of 100 mm.  
The desorption column has a random packing height of 1000 mm and a total height (including a reboiler 
and a condenser) of 3000 mm.  The rig also contains a rich/lean heat exchanger, a solvent cooler and two 
pumps.  The purpose of the rig is to perform measurements of CO2 removal efficiency and energy 
consumption at different temperatures, flows and CO2 concentrations.  Different solvents like carbonate 
solutions and amine mixtures can be studied.  The CO2 absorption rig has been used successfully to 
measure the absorption efficiency as a function of different parameters at stable conditions.  The 
measurements can be used to validate process calculations and to find optimum process conditions. 
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1. Introduction 
At Telemark University College there has been an increasing activity on CO2 capture processes.  A 
CO2 laboratory for measurements of physical properties of CO2 absorption solvents is established.  
Students at Bachelor, Master and PhD level have been involved in measurements, process simulation and 
cost estimation of CO2 capture plants.  There is a limited number of pilot plants worldwide for CO2 
absorption from atmospheric exhaust [1], and few of them include desorption under pressure.  The project 
with a CO2 absorption and desorption rig at Telemark University College has been developed since 2007, 
and since then there have been student projects every semester to design, construct and operate the CO2 
rig.  Students within process, mechanical and automation have been involved. 
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2. Process and system description 
2.1 Process description 
 
Fig. 1 shows a process flow diagram of the laboratory rig for the case of monoethanolamine (MEA) as 
the solvent.  The feed gas is pressurized air which is mixed with CO2 from a gas bottle.  In the absorber, 
the feed gas and a circulating solvent are mixed countercurrently.  The solvent which has absorbed CO2 
(rich MEA) flows to a buffer tank and is pumped through a heat exchanger to the desorber.  The desorber 
is heated indirectly in the bottom (in the reboiler) with steam and is cooled indirectly at the top (in the 
condenser) by cooling water.  The CO2 flows out through a valve from the top of the desorber, and 
regenerated MEA (lean MEA) flows out of the bottom of the desorber.  The regenerated solvent is heat 
exchanged against rich MEA in the heat exchanger and is pumped back through a cooler to the absorption 
column. 
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Fig. 1. Process flow diagram of the laboratory rig [2] 
 
2.2 Description of the main equipment  
 
The absorption column is made of glass and it has a stainless steel Sulzer Mellapak 250Y structured 
packing height of 1500 mm, a total height of 2500 mm and an inner diameter of 100 mm.  The desorption 
column is made of stainless steel, it is filled with Sulzer P-rings, has a packing height of  about 1000 mm, 
a total height (including reboiler and condenser) of 3000 mm and an inner diameter of 265 mm.  The 
rich/lean heat exchanger and the solvent cooler are plate exchangers from Alfa Laval, and there are two 
Grundfos variable speed pumps.  The gas feed to the rig has been air with CO2 added from a gas bottle.  
The liquid flow can be varied up to 300 l/h.  The maximum effect for steam production is 36 kW.  Fig. 2 
shows a photograph of the rig. 
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Fig. 2. Photograph of the CO2 rig showing the absorption column to the left and the desorption column with reboiler 
and condenser to the right 
 
2.3 Description of control and instrumentation 
 
The rig is controlled by a distributed PLC (Programmable Logic Controller) system consisting of 
traditional as well as smart instruments (for temperatures, pressures, flows and levels) and actuators 
(valves and variable speed pumps).  The CO2 content in a gas sample stream from the inlet and the outlet 
of the absorber is measured with an NDIR (Non-Dispersive InfraRed) instrument from ADC.  The CO2 
content in the liquid is analyzed by titration and the heat consumption is measured by the electric effect 
for steam production.  The amounts of air and CO2 to the absorber are measured by rotameters.    
 
The process contains several PID (Proportional-Integral-Derivative) control loops (single-loop and 
cascaded):  
 The flow of amine into the absorber column is kept at a desired value using a variable speed 
pump for high liquid rates (>140 l/h) and a Samson control valve for low liquid rates (provided 
that there is a sufficient pressure level inside the desorber column). The flow is measured with a 
Micro Motion Coriolis flow meter. 
 The temperature of the amine flow into the absorber is kept constant using a heat exchanger with  
cooling water. The temperature is measured with a thermocouple sensor. The rate of cooling 
water is controlled with a control valve. 
 The level inside the desorber column is kept constant using a variable speed pump. The level is 
measured by a KSR Kuebler magnet level indicator. 
 The temperature in the reboiler is kept constant using steam controlled by a valve. 
 The pressure in the desorber is controlled by a pressure reduction valve on the gas flow out of 
the desorber. 
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2.4 Health, Safety and Environment 
 
Health, Safety and Environment (HSE) has been given high priority during design, construction and 
operation.  All work has been performed in accordance with Norwegian regulations. Some main 
challenges are solvent evaporation into the atmosphere, solvent leakages, hot surfaces and the possibility 
of steam leakages.  Hazard and operability (HAZOP) analyses of the rig have been performed. Procedures 
for safe operation have been developed based on the HAZOP analyses. An extractor system with an 
integrated fume hood has been installed to avoid solvent exposure during operation, sample collection and 
analysis. The desorber column has been certified and CE (Communaute Europeenne) marked by the 
Norwegian certification company DNV.  
 
3. Operation and experiments 
3.1 Operation of the plant 
 
The rig is mainly operated from a control panel.  At start-up most of the valves are operated manually, 
especially those connected to the cooling water, the steam supply and the amount of air and CO2 to the 
gas feed.  After the circulation flow has been stabilized, the temperature in the reboiler is increased 
gradually, and then the pressure in the reboiler is stabilized. 
 Under operation, the flow through the pumps, the temperature after the cooler and the temperature in 
the reboiler are controlled automatically according to the control loops described in Section 2.3.   
 
3.2 Experiments 
 
Most of the experiments were performed at stable conditions where especially the temperatures and the 
circulation flow were specified.  In most of the experiments, the reboiler temperature was 120 ºC, and the 
desorber pressure was 1.8 bar(a).  Parameters that have been varied are the air flow, the CO2 flow, the 
liquid circulation rate and the temperature in the liquid to the absorber. The main measured results are the 
CO2 content in the gas before and after the absorber and the electricity consumption for steam production.  
In some experiments, samples of the amine solvent were analyzed for amine and CO2 content.  After a 
change in operating conditions, the rig spends in order of magnitude 10 minutes for stabilization.  The 
unit that needs the longest time to stabilize, is the instrument for analyzing the CO2 gas concentration. 
 
4.  Results and discussion 
4.1 Experiments with sodium hydroxide, sodium carbonate and sodium bicarbonate without regeneration 
 
Absorption experiments without regeneration of the circulating liquid have been performed with 
diluted sodium hydroxide, sodium carbonate and sodium bicarbonate as solvents.   The experiments were 
limited by the absorption capacity of the solvent.  In some preliminary experiments, Dräger tubes were 
used to measure the CO2 concentration in the gas before and after the absorption column.  The CO2 
absorption efficiency was measured as a function of the liquid flow.  When using a sodium bicarbonate 
solution as the solvent, the total CO2 removal efficiency was measured between 2 and 20 % and was 
increasing with increasing liquid flow.   
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4.2 Experiments with MEA including regeneration
Absorption and regeneration experiments using 30 wt-% MEA as the solvent have been performed
with the desorber part including the reboiler and the condenser in operation.  The rig has been 
successfully operated under stable conditions with absorption of CO2, desorption at 1.8 bar(a), steam 
heating to 120 C and amine recirculation.
The gas flow to the absorber with 10 vol-% CO2 has been varied with a constant liquid flow of 240 l/h. 
The removal efficiency was reduced from close to 100 % at 4 Nm3/h down to 48 % at 36 Nm3/h (which is
equivalent to a gas velocity of about 1 m/s through the absorber). The result is shown in Fig. 3.
Fig. 3. Measured CO2 removal efficiency in 30 wt-% MEA as a function of gas flow at liquid flow 240 l/h [3]
It is reasonable that the removal efficiency is reduced as the gas flow increases.  At low gas flows the
retention time is high, and the liquid do not tend to be saturated.  It is interesting that a removal efficiency
of close to 100 % is achieved in the laboratory rig.
The temperature in the lean amine to the absorber was varied with a gas flow of 14 Nm3/h and a liquid
flow of 240 l/h.  A maximum removal efficiency of 87 % was achieved at 40 C as shown in Fig. 4.  An 
optimum efficiency in a large scale column has been calculated at an inlet temperature of 33 ºC using the
simulation program Aspen HYSYS [4].  The reason for the maximum absorption rate at a certain 
temperature is that the reaction rate between absorbed CO2 and MEA is increasing with temperature, and
the solubility of CO2 in the MEA solution decreases with temperature.
Experiments with lower CO2 concentrations in the inlet gas have also been performed.  The accuracy
of the calculated CO2 absorption rate was then reduced because the difference between CO2 concentration
before and after absorption was reduced. Because of this, 10 vol-% has been used in the inlet gas in most
of the experiments.
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Fig. 4. Measured CO2 removal efficiency in 30 wt-% MEA as a function of the temperature in the lean amine to the
absorber with gas flow 14 Nm3/h and liquid flow 240 l/h [3] 
In some experiments, measurements of the electric effect for steam production were performed.  The
energy consumption varied in the area between 17 and 40 MJ/kg CO2 absorbed.  This is much more than 
3-5 MJ/kg CO2 which is expected in a large scale plant [4]. The main reason for the deviation is probably
due to heat losses from the steam system.  Another reason is that the energy demand per kg CO2 will be
higher in a low efficiency absorption column than in a higher and more efficient absorption column. The
measured heat effect in the reboiler will probably be more accurate if the steam flow or condensate
amount from the reboiler could be measured directly.
Fig. 5 shows the removal efficiency and the electricity consumption as a function of liquid flow.  The 
figure shows that the lowest heat consumption is achieved when the removal rate is at the highest.  The 
highest removal efficiency is achieved at a liquid rate of about 70 l/h. The expected reason for a certain 
liquid load showing a maximum removal efficiency, is that the absorption efficiency as expected
increases with liquid flow, but the efficiency decreases if the column is overloaded.
It is reasonable that the minimum heat consumption (per kg CO2) is achieved in the experiments when 
the removal efficiency is highest because the heat consumption is divided by the CO2 amount absorbed.  
In a large scale column, this may be different because the removal efficiency will be higher and the CO2
removal efficiency will probably be less dependent on the liquid flow.
At large scale conditions, a reasonable liquid flow is probably much lower than the flow giving the 
largest removal efficiency because a lower liquid flow achieves a higher increase in CO2 loading and a 
lower heat consumption in the reboiler. The CO2 loading increased typically with 0.05 mol CO2/mol
MEA in the laboratory rig experiments, while an expected CO2 loading increase is typically 0.2 mol
CO2/mol MEA (from 0.27 to 0.47) in a large scale column [4].
In earlier experiments in the rig [3], a maximum removal efficiency was experienced at a liquid flow
of about 250 l/h for similar conditions.  In these experiments, the calculated removal rates were very close
over a wide range of liquid rates, so the calculated optimum liquid rate had a very high uncertainty.
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Fig. 5. Removal efficiency and electricity consumption as a function of liquid flow [2]
In one experiment, the pH and the CO2 loading were measured and compared in the period when 
unloaded (fresh) MEA was gradually loaded with CO2.  The idea of using pH as an approximate measure
of the CO2 loading has been suggested earlier [5].  Results from loading 0 to 0.4 mol CO2/mol MEA are
shown in Fig. 6. It is seen that at a given time, the loading increases through the absorption column with
approximately 0.06 mol CO2/mol MEA at loading 0.15, and with approximately 0.05 mol CO2/mol MEA
at higher loadings. At the same time, the pH decreased approximately 0.3 units at loading 0.15 and 
approximately 0.2 units at higher loadings. This indicates that the pH can be used as a measure of the
CO2 loading. It was however experienced that the pH has increased about 0.3 units for the same loading
as the MEA solution was gradually degenerated after some weeks of operation, so there is no 
unambiguous connection between pH and CO2 loading.
Fig. 6. Measured pH and  CO2 loading when loading fresh amine solution [2]
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4.3 Material balances 
 
In the experiments, the CO2 removal efficiency was calculated from the concentration difference in the 
gas in and out of the absorption column. In the experiments giving the main results in this work [2,3] the 
CO2 absorption rate was for some cases measured and calculated from both the gas side and the liquid 
side.  The difference between the absorption rate calculated from the gas side and the liquid side has been 
calculated to 17 % [2], and to -24 % and -33 % [3].  These deviations are rather high.  However, it is 
expected that there are considerable uncertainties in the concentration measurements in the gas and the 
liquid and in the gas and liquid flow measurements.  It is possible to reduce these uncertainties with new 
instruments with higher accuracy.  
5. Conclusions 
The CO2 absorption rig has been used successfully to measure the absorption efficiency as a function 
of different parameters at stable conditions.  The results show that the rig absorbs from 0 to almost 100 % 
of the CO2 in the feed gas dependent on the conditions.  The results show that a maximum absorption 
efficiency is achieved at a certain liquid circulation rate.  This maximum rate is however much larger than 
a reasonable liquid rate for a full scale operation.  Maximum CO2 removal rate was achieved at a 
temperature of about 40 ºC.  This is close to values found in literature based on simulations of large scale 
plants.  There are possibilities for improvements, especially in the accuracy of measurements of the CO2 
concentrations in the gas and the liquid and in the heat added to the reboiler.  The measurements 
performed in the laboratory rig can be used to validate process calculations, to compare different solvents 
and to find optimum process conditions. 
 
 
Acknowledgements 
 
The laboratory rig has been designed, built and set into operation by the effort of students and 
colleagues at Telemark University College, and students from Skogmo and Porsgrunn Videregående 
Skole have also contributed.  Thank you to all of you! 
References 
 [1] Luo, X, Knudsen, JN, de Montigny, D, Sanpasertparnich, T, Idem, R, Gelowitz, D et al. Comparison and validation of 
simulation codes against sixteen sets of data from four different pilot plants. Energy Procedia 2009;1:1249-56. 
[2] Larsen, IM, Løver, M, Nøddebo, M, Raastad, L., Østby, HM. Optimization of and test runs in  a CO2 capture pilot plant. 
Bachelor project K6-01-12, Telemark University College, 2012.   
[3] Berg, C, Brekne, SK, Johnsen, R, Moen, IG. CO2 capture in pilot plant. Bachelor project K5-03-11, Telemark University 
College, 2011. 
 [4] Øi, LE. Removal of CO2 from exhaust gas. PhD Thesis, TUC 3:2012, Telemark University College, 2012.   
[5] Masohan, A, Ahmed, M, Nirmal, SK, Kumar, A, Garg, MO. A simple pH based method for estimation of CO2 absorbed in 
alkanolamines. Indian J Sci Technol 2009;2:No 4, 59-64. 
 
